The evolution of bread wheat (Triticum aestivum) is distinctive in that 23 domestication, natural hybridization, and allopolyploid speciation have all had 24 significant effects on the diversification of its genome. Wheat was spread around 25 the world by humans and has been cultivated in China for ~4,600 years. Here, 26
A total of 21,676 Tb of sequence data was generated from the 120 accessions 86 using Illumina paired-end short-read technology, with an average read depth of 87 11.04× for each individual (Supplementary Table 2 ). The reads were mapped against 88 the IWGSC RefSeq v1.0 assembly of the wheat genome 9 to identify genomic variants, 89 yielding a ~90% coverage of the genome by at least four reads for each wheat 90 accession. We detected a total of 70,172,600 single-nucleotide polymorphisms 91 (SNPs) using the SAMtools software 17 , with an average density of 4.82 SNPs per kb. 92
Most of these SNPs were located in intergenic regions (94.76%), with only 1.43% 93 located in exonic regions (Table 1 and Supplementary Fig. 2 ). Of the SNPs located in 94 exonic regions, 36.62% were synonymous and 54.80% were non-synonymous, with a 95 non-synonymous/synonymous (N/S) ratio of 1.5. This N/S ratio is higher than was 96 previously reported for other plants such as sorghum (Sorghum bicolor; N/S ratio = 97 1.0) 18 , rice (N/S ratio = 1.2) 19 , soybean (Glycine max; N/S ratio = 1.47) 20 , and 98
Arabidopsis thaliana (N/S ratio = 0.83) 21 . 99 We found that the A and B subgenomes harbor similar numbers of SNPs, with 100 the B subgenome (~32.95 M, 6.36 SNPs per kb) containing slightly more than the A 101 subgenome (~28.72 M, 5.82 SNPs per kb). By contrast, the D subgenome included 102 only ~7.91 M SNPs and had the lowest SNP density (2.00 SNPs per kb) (Table 1, Fig.  103 1c). A previous finding showed that low numbers of polymorphic loci in the D 104 subgenome may be a specific attribute of wheat, not of the D subgenome progenitor 105
Ae. tauschii 22 . In all three wheat subgenomes, the majority of SNPs were located in 106 intergenic regions, and non-synonymous SNPs were more common than synonymous 107 SNPs (the N/S ratios of A, B, and D subgenomes were 1.56, 1.59, and 1.28, 108 respectively; Table 1 ). In the wheat reference genome (IWGSC RefSeq Annotation 109 v1.0), the gene models were classified into high-confidence (HC) and low-confidence 110 (LC) genes based on their predicted sequence homology to gene products in the 111 public database. In the coding regions, 47.78% of the SNPs were located in HC genes. 112 These SNPs also had N/S ratios greater than 1 ( Supplementary Table 3 ). 113
To measure the degree of polymorphism in the wheat genome, we measured 114 the nucleotide diversity parameters π and Watterson's θ. The overall wheat genomic 115 nucleotide diversity (π) was 1.05  10 -3 , and Watterson's θ was 0.84  10 -3 , which is 116 consistent with a previous report (π = 0.8 × 10 -3 ) 23 . The nucleotide diversity parameter 117 for wheat was lower than for other major crops, including maize (π = 6.6  10 -3 ) 24 , 118 rice (π = 2.29  10 -3 ) 25 , and sorghum (π = 2.4  10 -3 ) 26 . The π value of the cultivars 119 (0.92  10 -3 ) was only slightly lower than that of the landraces (1.04  10 -3 ). 120
Similarly, the Watterson's θ value for the cultivars (0.84  10 -3 ) was slightly lower 121 than that of the landraces (0.87  10 -3 ). The mean fixation index value (FST) between 122 the cultivars and landraces was 0.03, suggesting limited population divergence 123 between the cultivars and landraces. 124
We then separated the data into the A, B, and D subgenomes to understand 125 their individual genetic diversities ( Fig. 1b and Supplementary Table 4 ). In the 126 individual A, B, and D subgenomes, the nucleotide diversity parameters π and 127 Watterson's θ were similar between the landraces and cultivars, indicating that the 128 modern wheat cultivars retained most of the genetic diversity of the landraces during 129 their domestication. The π and Watterson's θ values each demonstrated that the A and 130 B subgenomes had similar nucleotide diversities, while the D subgenome had only 131 ~20% of the genetic diversity of the A or B subgenomes ( Fig. 1c ), consistent with a 132 previous report 15 . The heterozygous rates of all accessions were low (average: 133 0.1655%), reflecting the lack of cross-pollination, consistent with the cleistogamy of 134 wheat flowers. Among the three subgenomes, the D subgenome had a substantially 135 lower heterozygous rate than the A and B subgenomes ( Supplementary Table 5 ), 136 consistent with its lower genetic diversity. 137
Tajima's D was calculated to assess whether the observed nucleotide 138 diversities showed evidence of deviation from neutrality. Some regions were 139 significantly different from zero, which indicates that they may be under sweep 140 6 selection ( Fig. 1b ). Of these, the D values from the A and B subgenomes were mostly 141 positive, whereas those of the D subgenome were generally negative ( Fig. 1c Table 6 ). Because the three subgenomes 147 were expected to have experienced a similar evolution history in the allohexaploid 148 wheat after the second polyploidization event, the dramatic difference between D 149 subgenome and the A and B subgenomes indicates an asymmetric selection history 150 during domestication. Gene flow to bread wheat from wild and/or cultivated 151 tetraploid T. turgidum (AABB genome) is likely common, as suggested by the 152 identification of hybrid swarms between wild emmer wheat (T. turgidum subsp. 153 dicoccoides) and bread wheat 27,28 . By contrast, the barrier to gene flow from Ae. 154 tauschii (DD genome) to bread wheat is much more difficult to overcome. 155 Nevertheless, this difference may also contribute to the variations in the evolution 156 rates between the subgenomes. 157
Population structure 158
To explore the phylogenetic relationships among the 120 wheat accessions, we 159 constructed a phylogenetic tree using the neighbor-joining algorithm, based on the 160 pairwise genetic distances between each accession determined using the SNP 161 information. The phylogenetic analysis clustered the wheat accessions into two 162 groups. Group 1 incorporated most of the European landraces, the West Asian 163 landraces (marked as "Origin"), a few South and Central Asian landraces, and the 164 majority of the East Asian cultivars ( Fig. 2a ). In group 2, most of the East Asian 165 landraces were clustered together alongside some of the West Asian landraces and the 166 majority of the South and Central Asian landraces ( Fig. 2a ). These two clearly defined 167 groups were further strengthened by the results of a principal component analysis 168 (PCA) and the Bayesian model-based clustering method ( Fig. 2b) . At K = 2, the group 169 1 accessions formed one cluster, while those of group 2 formed the other cluster. At 170 the optimal presumed number of ancestral populations (K = 3), the landraces near the 171 origin site (West, South, and Central Asian accessions) were separated from the main 172 groups. At K = 4, the West Asian and South and Central Asian accessions were 173 clearly divided. At K = 5, we obtained more refined clusters associated with the 174 geographic distributions ( Fig. 2c and Supplementary Fig. 5 ). These findings were 175 consistent with the geographic documentation of wheat: from its domestication in the 176 To investigate the differences in genetic diversity between the three 196 populations (Chinese cultivars, Chinese landraces, and European landraces), we 197 calculated the nucleotide diversities (π) and found no significant difference among the 198 three populations. The diversity of Chinese cultivars was slightly higher than that of 199 the Chinese landraces, but slightly lower than that of the European landraces ( Fig.  200 2d). We calculated the FST values to investigate the population divergences, which 201 revealed that the divergence between the Chinese cultivars and European landraces 202 (FST = 0.04) was smaller than the divergence of the Chinese cultivars and Chinese 203 landraces (FST = 0.07). This analysis indicated a small population divergence (Fig.  204 2d). 205
We further analyzed the linkage disequilibrium (LD) of the three populations. 206
The mean r 2 between 0 and 1000 kb from the three populations was greater than 0.3, 207
suggesting that wheat has a longer LD decay than cultivated rice (123 kb for indica 208 varieties) and cultivated maize (30 kb) 29,30 . The mean r 2 between 0 and 1000 kb of the 209 D subgenome decreased more rapidly than for the A and B subgenomes, suggesting a 210 lower level of selection on the D subgenome ( Fig. 2e ). The extent of LD in the A, B, 211 and D subgenomes differed between the Chinese cultivars, Chinese landraces, and 212 European landraces. For the A subgenome, the LD decay of the Chinese landraces 213 was slightly higher than that of the European landraces, and significantly higher than 214 that of the Chinese cultivars. For the B subgenome, the Chinese landraces also had the 215 highest LD levels, with the Chinese cultivars and European landraces displaying 216 similar levels of LD decay. In the D subgenome however, the LD decay was similar 217 for all three populations. Different chromosomes had specific patterns of LD 218 ( Supplementary Fig. 3 ), which may be correlated with differences in heterochromatin 219 levels 31 and selection pressure. 220
Introgressions from Chinese landraces and European varieties in the Chinese 221 cultivars 222
We used a TreeMix analysis to infer ancient gene flows. A maximum-likelihood 223 (ML) tree without migration events grouped the wheat accessions into seven clusters, 224 which were similar to the above population structure patterns. Furthermore, we 225 detected strong migration events in three clusters, namely the Chinese cultivars, 226
Chinese landraces, and European cultivars. There were strong gene flows from the 227 Chinese landraces to the Chinese cultivars, and from the European landraces to the 228 European cultivars ( Supplementary Fig. 6a and b ). We next individually analyzed the 229 three subgenomes. The ML trees for the A and B subgenomes of the accessions had 230 similar topological structures to the ML tree using the whole genomes ( Fig. 3a ). We 231 also found strong gene flows from the Chinese landraces to the Chinese cultivars and 232 from the ancient western landraces to the European landraces in both the A and B 233 subgenomes ( Fig. 3a ). When the D subgenome was considered, the accessions formed 234 a different ML tree structure, with Chinese landraces grouped with Chinese cultivars, 235 and clear gene flows from the European cultivars to the Chinese cultivars, and from 236 the South and Central Asian landraces to the European landraces ( Fig. 3a) . 237
To further elucidate the contributions from the European varieties and Chinese 238 landraces to the Chinese cultivars, we used an identity score (IS) analysis 32 to scan 239 each chromosome. The IS analyses for the three groups (European varieties, Chinese 240 landraces, and Chinese cultivars) revealed that the Chinese landraces had more 241 similarity to the reference genome (Chinese Spring, a Chinese landrace) than the 242 European and Chinese cultivars, while the Chinese cultivars were more similar to the 243 European varieties than the Chinese landraces ( Fig. 3b ). Consistent with the results of 244 the population structure analysis, the IS heatmap showed that the European varieties 245 contributed more to the Chinese cultivars than did the Chinese landraces 246 ( Supplementary Fig. 10 ). More differences were detected between the Chinese 247 landraces and the Chinese cultivars than between the European varieties and the 248 Chinese cultivars when using IS values less than 0.0025 as the threshold (Fig. 3c ). 249
Specifically, 280,299 regions were detected, spanning 5.61 Gb (39.28% of the 250 genomes), in which the Chinese cultivars and European varieties were more similar 251 than the Chinese cultivars and Chinese landraces, while only 106,453 regions, 252 spanning 2.13 Gb (14.92% of the genomes) were identified in which Chinese 253 cultivars and Chinese landraces were more similar (Fig. 3d ). Within most 254 chromosomes, we observed similar patterns of homology, although there were clear 255 variations ( Supplementary Fig. 11 , Supplementary Table 7a ). 256
We were particularly interested in the many exceptionally large dispersed 257 introgression regions identified in the genomes of the wheat population. Between the 258 Chinese landraces and the Chinese cultivars, the introgression regions are mainly 259 located in the A and B subgenomes, while those between the European varieties and 260 the Chinese cultivars were mainly located in the D subgenome. These introgression 261 regions usually show higher heterozygosity, low recombination rates, and long-range 262 LD 27 ; for example, an 8-Mb region in chromosome 5D of the Chinese cultivars is 263 enriched with SNPs from the European varieties ( Fig. 3e ). Within this region, the 264 Chinese cultivars are highly heterozygous and have low recombination rates, as well 265 as a significantly higher LD level ( Fig. 3e ). We focused on the mutation sites within 266 this candidate introgression region, which covers 346 genes ( Supplementary Table  267 7b). Using a Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, we 268 observed a significant enrichment of genes involved in pathways related to 269 photosynthesis within this region ( Supplementary Table 7d Chinese landraces (Fig. 3f ). This region also has higher heterozygosity and lower 278 recombination rates within these lines, and shows a significantly higher LD (Fig. 3f ). 279
The 2,131 genes within this region ( Supplementary Table 7c ) were also enriched for 280 oxidative phosphorylation and ribosome pathway functions ( Supplementary Table  281 7e). Taken together, our IS analysis revealed the detailed contributions of the 282 European landraces and Chinese landraces to the Chinese cultivars. Importantly, most 283 of these regions are genome-specific, suggesting the functional diversification of the 284 three genomes. 285
Selective signals during diversification and modern breeding 286
To identify the genomic regions most affected by selection during wheat 287 diversification and modern breeding in China, we scanned the patterns of genetic 288 variation along the chromosomes on the basis of the 70.12 million SNPs. We 289 calculated the nucleotide diversity ratio (θπ landrace/θπ cultivar) and genetic differentiation 290 (FST) between the cultivars and landraces. Long stretches of elevated FST were found 291 along chromosome 4A, which is known to contain structurally rearranged 292 chromosomal regions 33 . After excluding these rearranged regions, the top 5% of 293 regions (~14.98 Mb) were considered putative sweep-selected sections, which 294 contained 842 genes ( Supplementary Table 8a ). A comparison among the 295 subgenomes indicated that selection in the D subgenome is substantially lower than in 296 the A and B subgenomes, as indicated by the lower FST and nucleotide diversity ratio 297 (θπ landrace/θπ cultivar) for the D subgenome (Fig. 1b ). The A subgenome had the most 298 selected regions ( Supplementary Table 8b ). We also used the XP-EHH 34 and XP-299 CLR 35 methods to identify the regions under sweep selection, which respectively led 300 to the identification of 2.65 Mb (948 genes) and 16.63 Mb (2,168 genes) of the 301 putatively selected regions ( Supplementary Table 8c and d). The combination of the 302 results from all approaches led to the identification of a total of 3,659 genes, the 303 majority of which were located on the A and B subgenomes ( Supplementary Table  304 8f). The selected regions contain many previously reported quantitative trait loci 305 (QTL); for example, one on chromosome 6B and one on chromosome 7D both 306 associated with the length of the uppermost internode length 36 . Gene Ontology (GO) 307 and KEGG enrichment analyses revealed that the selected regions are enriched in 308 genes with decarboxylating activity and glycine catabolism, suggesting that the 309 carbon metabolic pathways were targeted during modern breeding. Additional 310 pathways, such as selenocompound metabolism, were also under selection 311
( Supplementary Tables 7g and h) . 312
The allotetraploid nature of bread wheat raised the question of whether the 313 duplicate copies of the homoeologous genes are all under selection. Using the ordered 314 sets of homoeologous genes, we established the syntenic relationships of the selected 315 targets on the other subgenomes ( Fig. 4b ). This analysis indicated that some syntenic 316 regions shared the signature of selection; for example, the syntenic regions of 317 chromosomes 6A, 6B, and 6D were all under selection ( Fig. 4b , Supplementary Table  318 8i). In the majority of cases however, we could not identify selection signatures in the 319 syntenic regions, suggesting that the homoeologous genes are generally under 320 differing selection pressures and are likely responsible for new functions. 321
To identify the high-confidence sweep-selected regions, we focused on the 322 overlapping regions commonly identified using the three above-mentioned 323 approaches, which contained 48 HC genes ( Supplementary Table 8e ). Chromosome 324 6B had the strongest selection signal. A sub-region of this selected region contains 325
TaNPF6.1-6B (Fig. 4c) , an ortholog of the Arabidopsis nitrate transporter gene 326 NRT1.1 37,38 . Within the same selected region, we also found TaNAC24, the ortholog 327 of a gene that confers heat and drought tolerance in rice 39 . In a neighboring sub-328 region, we found strong selection signals for TaRVE3 (which encodes a putative 329 circadian clock and flowering time regulator) 40 , and TaHDG2 (encoding a putative 330 stomata and epidermis patterning regulator) 41 , suggesting the existence of a selected 331 region regulating multiple traits on chromosome 6B (Fig. 4c ). In another selected 332 region on chromosome 3A, we identified TaHSP101, which enhances tolerance to salt 333 and desiccation stresses 42 ; TaPTR7, the ortholog of a rice NAC transcription factor 334 conferring salt tolerance 43 ; and TaPRO1, a component on the actin cytoskeleton 335 potentially related to grain size 44 (Fig. 4c ). The majority of the selected features and 336 genes are currently poorly annotated and warrant further investigation. 337
We analyzed the haplotype frequency of the annotated genes under sweep 338 selection, except TaPTR7 as it contained no SNPs. In the landraces, the frequencies of 339 the primary haplotypes of all selected genes were lower than in the cultivars ( Fig. 4d  340 and 4e). Different periods of wheat breeding history likely had diverse breeding goals. 341
To clarify the changes in the haplotypes of these genes over time, we screened the 342 SNPs of six genes in the selected regions (TaAGL29, TaHDG2, TaKNAT6, 343
TaMADS21, TaRGI5, and WSD1-like) for Chinese cultivars released between the 344 1940s and the 2000s ( Supplementary Table 12b ). For each gene, the frequency of the 345 favorable haplotype gradually increased over time (Fig. 4f) . 346
Local adaption and related traits 347
Our phylogenetic analysis showed that landraces from geographically close regions 348 tended to be more genetically similar (Fig. 2) . To understand the selection undergone 349 by the genes and corresponding traits of these genotypes during geographic 350 diversification and/or local breeding, we calculated the population differentiation 351 across different geographic groups. 352
The European landraces contributed the majority of the A and B subgenomes 353 of the Chinese cultivars ( Supplementary Figs. 7 and 8) . We compared these two 354 groups to identify the regions selected during the local adaptation of the Chinese 355 cultivars. Using the FST-θπ approach, we identified 13.08 Mb of putatively selected 356 regions covering 729 genes (Fig. 5a ). Over a dozen regions were similarly selected in 357 two or three of the subgenomes (Fig. 5b) . We also applied the XP-EHH and XP-CLR 358 methods, which led to the identification of a 2.68-Mb putatively selected region 359 (covering 951 genes) and a 26.08-Mb putatively selected region (covering 3,232 360 genes), respectively ( Supplementary Table 9 ). Finally, we excluded the selected 361 regions identified in our earlier comparison of all cultivars and landraces to focus on 362 local adaption. A total of 3,814 genes were identified using all three methods, with 51 363 genes being commonly detected ( Fig. 5d and Supplementary Table 9e ). Among the 364 regions commonly identified using all three approaches, we found that TaPGIP1, a 365 polygalacturonase-inhibiting defense protein 45 ; WRKY27, involved in disease 366 resistance 46 ; TaNAK, a putative protein kinase involved in defense 47 ; and TaPHB2, a 367 mitochondrial prohibitin complex protein 48 , were all located within a selected region 368 on chromosome 2A (Fig. 5c ). The regions on chromosomes 2B and 2D syntenic to 369 this region were also under selection. Another selected region on chromosome 3A 370 contains TaPIN1, required for auxin-dependent root branching 49 ; TaPrx, related to 371 oxidative stress 50 ; and TaPEPR1, involved in the innate immunity response 51 (Fig.  372 5c). A detailed haplotype frequency analysis indicated that the frequencies of the 373 primary haplotypes in the European landraces were lower than in the Chinese 374 cultivars for all six genes ( Fig. 5e and f) . 375
The West Asian landraces are the most closely related modern relatives of the 376 ancestral wheat population. We therefore compared the European and Chinese 377 landraces to the West Asian landraces to identify the regions selected during local 378 adaptation as wheat gradually spread to the west and the east. Using FST-θπ, XP-EHH, 379 and XP-CLR analyses, we identified 22.75-Mb (covering 1,760 genes), 3.00-Mb 380 (covering 1,074 genes), and 21.04-Mb (covering 2,619 genes) putatively selected 381 regions between the European and West Asian landraces, respectively 382 ( Supplementary Table 10 ). These selected regions overlap with a few reported QTLs, 383 including two associated with flour quality 52 . We identified a significantly selected 384 region on chromosome 2B that contains TaNPF6.1-2B, another ortholog of the 385
Arabidopsis nitrate transporter gene NRT1.1 ( Supplementary Fig. 12a ). The same 386 region also harbors TaFBP7, a gene related to temperature response 53 , and TaANP1, 387 an oxidative stress responsive gene 54 . Whereas novel haplotypes for TaNPF6.1-2B 388 emerged in the European landraces, the genotypes typically maintained one of the two 389
TaFBP7 and TaANP1 haplotypes from the West Asian landraces ( Supplementary Fig.  390 12b and c). 391
When comparing the Chinese landraces with the West Asian landraces, we 392 identified 8.94 Mb of putatively selected regions (covering 550 genes) using FST-θπ, 393 2.81 Mb (covering 1,027 genes) using XP-EHH, and 18.85 Mb (covering 2,392 394 genes) using XP-CLR (Supplementary Table 11 ). One of the genes identified in the 395 selected regions was TaOSH43 ( Supplementary Fig. 13a ), which regulates shoot 396 meristem homeostasis and thus plant architecture and spike development 55 have occurred under human cultivation, as bread wheat only exists in cultivated 406 forms 3,10 . Consistent with this, bread wheat has a substantially lower genome diversity 407 than other crop and weed species ( Fig. 1c and Table 1 ). Nevertheless, gene flow from 408 the allotetraploid T. turgidum (AABB) is likely to have contributed to the genetic 409 diversity of the A and B subgenomes in bread wheat 27,28 , which means these two 410 subgenomes harbor more selective sweeps, as was demonstrated here. By contrast, the 411 barrier to gene flow from the diploid Ae. tauschii (DD) to bread wheat is much higher, 412 as suggested by the substantially lower nucleotide diversities in the D subgenome, 413 higher numbers of rare mutations, and fewer selective sweeps reported here. 414
Bread wheat has a long cultivation history and has been adapted to a wide 415 range of environmental conditions. The rich genetic diversity in cultivated accessions 416 and the lack of a wild bread wheat mean the gene flow among geographic regions is 417 potentially substantial. Indeed, we found that modern wheat breeding in China 418 significantly used the genetic diversity of the European landraces. In future breeding 419 programs, the genetic diversity of landraces from diverse geographic regions may 420 provide the additional genetic diversity required to fulfill the demands of our 421 increasing population and changing climate. 422
We found that different ancestors made distinct contributions to each 423 subgenome. In the Chinese cultivars, the genetic diversity of the A and B subgenomes 424 was mainly contributed by the European landraces. By contrast, the D subgenome of 425 the Chinese cultivars contains more diversity from local landraces. Although the 426 European landraces and the Chinese landraces have similar levels of genetic diversity 427 for each subgenome (Fig. 2d) We have narrowed down the selective sweeps corresponding to selection 438 during wheat diversification and modern breeding, which will be useful for the future 439 characterization of genes underlying important traits. Consistent with the 440 contributions of different ancestors to each subgenome, we found that the 441 homoeologous genes in the different subgenomes are often under differential 442 selection, suggesting that it may be feasible to target a single copy of a homoeologous 443 gene during breeding. The SNP annotation was performed using the published wheat genome 9 and the 498 ANNOVAR package (v2013-05-20) 60 . Based on the genome annotation, the SNPs 499 were categorized as being in exonic regions (overlapping with a coding exon), 500 intronic regions (overlapping with an intron), splicing sites (within 2 bp of a splicing 501 junction), upstream or downstream regions (within a 1-kb region upstream or 502 downstream of a transcription start or stop site, respectively), or intergenic regions. 503
The SNPs in the coding exons were further grouped into synonymous SNPs (do not 504 cause amino acid changes) or non-synonymous SNPs (cause amino acid changes). 505
The mutations causing stop gain and stop loss were also classified into this group. To 506 exclude genes with possible structural annotation errors, those expressed in the leaves 507 or existing in multiple copies were selected as HC genes for further analysis. window approach (20-kb windows with 10-kb increments). HC genes were selected 514 to identify single-copy orthologous genes between the A, B, and D subgenomes using 515 Proteinortho (v5.16), with default settings 63 . 516 517
Linkage disequilibrium analysis 518
To estimate and compare the patterns of linkage disequilibrium (LD) between 519 different populations, the squared correlation coefficient (r 2 ) between pairwise SNPs 520 was computed using the software Haploview (v4.2) 64 . The program parameters were 521 set as '-n -dprime -minMAF 0.1'. The average r 2 value was calculated for pairwise 522 markers in a 500-kb window and averaged across the whole genome. 523 524 Phylogenetic tree and population structure 525 A total of 1,925,854 SNPs in coding regions (exonic and intronic) were used for the 526 population genetics analysis. To clarify the phylogenetic relationship from a genome-527 wide perspective, an individual-based neighbor-joining tree was constructed using the 528 p-distance in the software TreeBeST (v1.9.2), with bootstrap values determined from 529 1000 replicates 65 . 530
The population genetic structure was examined using the program 531 ADMIXTURE (v1.23) 66 . First, 95 landraces were used to estimate the genetic 532 ancestry, specifying a K ranging from 2 to 8. The most suitable number of ancestral 533 populations was determined to be K = 3, for which the lowest cross-validation error of 534 0.492 was obtained. A principal component analysis (PCA) was also conducted to 535 evaluate the genetic structure of the populations using the software GCTA 67 . First, a 536 genetic relationship matrix (GRM) was obtained using the parameter '-make-grm', 537 then the top three principal components were estimated with the parameter '-pca3'. 538 539
Population admixture analyses 540
The population relatedness and migration events were inferred using TreeMix 68 . A 541 total of 113 varieties with little admixture were selected to represent the seven 542 subgroups. The 1,925,854 coding-region SNPs were used to build a maximum 543 likelihood tree, using a window size of 2000 SNPs. This was repeated 10 times, using 544 the West Asian landraces as the root group. The tree with the lowest standard error for 545 the residuals was selected as the base tree topology. The population pairs with an 546 above zero standard residual error were identified as candidates for admixture events, 547 which represent populations which the data indicate are more closely related to each 548 other than is demonstrated in the best-fit tree 68 . TreeMix was then run using between 549 one and six introduced migration events. When three migration events were added, 550 the residuals were much lower than for the trees generated using other numbers of 551 migration events. 552 553
Introgression analysis 554
The identity scores (IS) were calculated 32 to visualize the shared haplotypes between 555 the three populations (European varieties, Chinese landraces, and Chinese cultivars). 556
The IS values were used to evaluate the similarities of every sequenced sample to the 557 reference genome (Chinese Spring) within 20-kb windows. The IS was calculated 558 using the following formula: 559 analyzed to clarify the changes in the haplotypes of the candidate genes during wheat 601 breeding. All primers were designed using the Primer 5.0 software and listed in Table  602 S13a. DNAMAN8.0 was used to align the sequences to the reference genome and 603 identify the SNPs, after which the frequencies of the main haplotypes in the candidate 604 
